We have investigated the use of Functional Electrical Stimulation (FES) to provide hand opening in stroke patients with spastic finger flexor muscles. Functional opening of the fingers was achieved through simultaneous stimulation of the cxtensor digitorum communis (EDC) muscle and the ulnar nerve. Tests were performed to document hand opening achieved by electrical stimulation of these sites under two conditions: 1) the subject remaining relaxed during stimulation, and 2) the subject trying to volunlarily extend his fingers during stimulation. Functional opening of the fingers was achieved in five of the six subjects studied. For most subjects finger extension was improved when the subject remained relaxed during the stimulation.
INTRODUCTION
Following a stroke, a person may be partially or totally paralyzed on one side of their body (hemiplegic). In addition, a motor control disorder called spasticity may develop. Spasticity has many symptoms, a primary one being an involuntary increase in muscle tone. causing the affected muscles to contract. In the upper extremity the fingers may tighten into a fist. The combination of finger flexor spasticity and possible finger extensor paralysis impairs the ability of stroke patients to open their hand.
The goal of our research was to investigate using electrical stimulation to provide hand opening in stroke patients with spastic finger flexor muscles, and to observe the interaction of the stimulation with the subject's spasticity. If a person can open her hand to acquire objects, then she will be better able to perform tasks that require two hands, thus increasing her independence.
A second goal of our research was to investigate the interaction of voluntary effort with the finger extension provided by electrical stimulation. Some pntienis will regain partial voluntary control of their forearm muscles post-stroke. However, these muscles may be activated inappropriately [l] , [2] . We wanted to determine if voluntary finger extension would aid the hand opening provided by stimulation.
METHODS
Six patients with hemispheric stroke secondary to infarct or hemorrhage with spasticity present in their finger flexor muscles participated in the study. Ejch subject was at least one month post-stroke.
Intramuscular electromyographic (EMG) recordings were made in three forearm muscles: the extensor digitorum communis (EX), the flexor digitorum superficialis (FDS), and the flexor digdorum profundus (FDP). The EDC extends the metacarpophalangeal ( M P ) joints of the fingers. The FDS flexes the MP joints and the proximal interphalangeal (IP) joints. The FDP flexes the MP and both the proximal and distal IP joints of the fingers. EMG recordings were made with intramuscular bipolar straight wire electrodes and a surface reference electrode. Signals were amplified and bandpass filtered (10 Hz -2 KHz) prior to sampling at 3048
Hz. Offline processing included subtraction of offsets, rectification, and removal of stimulus artifacts, followed by digital lowpass filtering at 100 Hz.
A Penny and Gilesm joint angle sensor was used to measure extension of the MP joint of one finger. All trials were videotaped to provide a qualitative measure of extension of all other finger joints.
In order to achieve functional opening of the fingers (extension of both MP and IP joints), subjects received simultaneous stimulation of the EDC and the ulnar nerve with pairs of surface electrodes. Stimulation of the ulnar nerve at the wrist produces extension of the finger IP joints, and flexion of the MP joints. By adjusting the stimulation applied to the E X (which extends the MP joints), it is possible to achieve net extension at the MP joints. The stimulus frequency was adjusted U, provide a fused contraction of the EDC. Stimulus currents were initially set to 20 mA and pulse widths were increased up to 200 p e c . Ifa suitable motor response was not achieved at the maximum pulse width, current amplitudes were then increased (up LO 50 mA).
Trials consisted of ten 15 second periods. Periods of stimulation were altemated with periods of no stimulation. In the first paradigm, the subject was insmcted to remain relaxed throughout the trial. In the second paradigm, the subject was instructed to voluntarily extend his fingers while the stimulation was occurring and to relax when the stimulation was not present. The purpose of the second paradigm was to document the effect of voluntary effort on the finger extension produced by the stimuIation. Two trials from each paradigm were performed.
In order to determine the influence of volunrary extension on finger opening, paired t-tests were performed comparing the amount of M p extension achieved at the end of each stimulation period (four per trial) for trials in which the subject was relaxed versus the trials in which the subject was trying to voluntarily extend during the extensor stimulation.
RESULTS
Extension of the IP joints was achieved in all subjects studied while simultaneous MP extension was achieved in five of the six subjects. In one subject the ulnar nerve stimulation produced very strong MP flexion which could not be overcome with EDC stimulation. In five of the six subjects studied we compared the effect of voluntary effort on the M p extension produced by extensor stimulation. The sixth subject experienced muscle fatigue which made comparisons impossible. Four of the five subjects had a significant decrease in MP extension during voluntary effort (pc.05) while the fifth subject had a significant increase (pc.05). This subject was the only one who had any voluntary finger extension, and was also the subject that had net M P flexion during extensor stimulation.
DISCUSSION
In all subjects extensor stimulation caused an increase in flexor EMGs. This increase is most likely caused by stretch reflexes. This increased flexor activity often persisted in one or both flexor muscles after the stimulation ended, indicating that the electrical stimulation raised the excitability of the flexor motor neuron pool. Despite the increase in flexor activity during stimulation, MP extension was achieved in. most subjects and IP extension was achieved in all subjects as a result of the direct mechanical effect of the stimulation.
For most subjects finger extension was hindered when the subject attempted to volunlarily extend during the stimulation. This is a result of inappropriate muscle activation.
When many subjects attempt to extend their fingers, their flexor muscles are activated inappropriately [ 11, thus decreasing the amount of finger extension achieved.
CONCLUSIONS
Electrical stimulation of the EDC and the ulnar nerve provided functional opening of the fingers (extension of both M P and IP joints) in five of the six stroke patients studied.
The tests indicated that most subjects should remain relaxed during the stimulation and should not attempt to voluntarily extend their fingers, as voluntary effort decreases the amount of finger extension provided by the stimulation.
